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© Method for pulling single crystals. 

© In a method for pulling a single crystal, employing a double crucible assembly (6), the dopent concentration 
of the molten raw material in an inner crucible (11) prior to the pulling, is raised to a value higher than the dopant 
concentration C of the molten raw material in the inner crucible (11) at the steady state. Furthermore, at the 
initial stage ofthe pulling, the raw material having a dopant content ration of no greater than kC is introduced 
into the outer crucible (10) at a rate greater than the rate of decrease of the molten raw material within the inner 
crucible (11) during the pulling, to achieve a concentration ratio of dopant between the inner and outer crucibles 
(1 1, 10) at a target value. Subsequently, the raw material having kC as the dopant content ratio is introduced into 
the outer crucible (10), at a rate equal to the rate of decrease of the motion raw material during the pulling. 
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METHOD FOR PULLING SINGLE CRYSTALS 



BACKGROUND OF THE INVENTION 



The present invention relates to a method for pulling single crystals. 

5 The Czochralski method is known, in which a single crystal such as a semiconductor crystal is pulled 
from molten liquid within a crucible assembly, and is thereby grown. In this case, the crucible assembly is 
often double and comprises outer and inner crucibles which communicate with each other. When the single 
crystal is pulled from this double crucible assembly, the crystal is pulled from the surface of the molten 
liquid or melt within the inner crucible, while a row material and a dopant are supplied to the outer crucible 

10 to compensate for the decrease in volume in the inner crucible, making it possible to pull the single crystal 
continuously. In this case, the liquid within both the crucibles flows through communication holes in the 
inner crucible. Accordingly, temperature fluctuations and vibration resulting from the supply of the raw 
material are not transmitted directly to the surface from which the single crystals is pulled. Thus, there are 
the advantages that it is possible to obtain stable operation and superior quality. 

75 In general, the dopant concentration of the pulled single crystal is given by kC when the dopant 
concentration in the molten raw material is C and where k is a segregation coefficienfwhich is usually less 
than 1. Accordingly, if the molten raw material is not replenished following the pulling, the dopant in the 
molten raw material becomes gradu ally more concentrated, and the dopant in the resulting single crystal 
also becomes more concentrated, as shown in Fig. 1. When the double crucible assembly described above 

20 is employed to pull the single crystal continuously, however, the dopant concentration in the raw material 
fed successively is made equal to the dopant concentration in the pulled single crystals, and the amount of 
single crystal pulled per unit time is made equal to the amount of supply of the raw material. By doing so, 
the amounts of dopant supplied and pulled are balanced with each other so that the concentration ratio in 
dopant between the inner and outer crucibles can always be maintained at C : kC, as shown in Fig. 2. Thus, 

25 concentration of the dopant in the molten raw material is prevented, making it possible to render to dopant 
concentration constant. Accordingly, h is made possible to manufacture a single crystal having no 
concentration variation in the growth direction. 

When the above-described apparatus is employed, however, the dopant concentration is increased in 
the portion first drawn from the starting material, resulting in a considerable portion of the single crystal 

30 being defective. More specifically, when the double crucible assembly is used to pull the single crystal 
continuously, the supply of the raw material per unit time into the outer crucible is made equal to the 
amount of the single crystal pulled per unit time to prevent the total amount of the molten liquid from 
varying. By doing so. however, even if the concentration of the dopant at the initial stage of the pulling is C 
in both the inner and outer crucibles and the dopant concentration in the subsequently supplied raw 

as material is kC, It is known that concentration occurs in the dopant in the inner crucible at the initial stage of 
the pulling, resulting in a "hump" in the concentration gradient in the longitudinal direction of the product 
as shown in Fig. 3. This "hump" extends for a considerable length along the straight trunk of the crystal, 
resulting in a large amount of the crystal product having an inappropriate dopant concentration. 

40 

SUMMARY OF THE INVENTION 



ft is therefore the object of the invention to provide a method for pulling a single crystal which is 
46 capable of minimizing variations in the dopant concentration in the crystal at the initial stage of pulling. 

According to the invention, there is provided an improved method for pulling a single crystal, 
comprising the steps of preparing a double crucible assembly having an outer crucible and an inner 
crucible which communicate with each other; feeding raw material to the double crucible assembly to 
provide molten raw material therein; and pulling the single crystal from the surface of the molten raw 
50 material within the inner crucible in such a manner that during the steady state, the pulled single crystal has 
a dopant concentration of generally kC, where k is the segregation coefficient and C the dopant 
concentration of the molten raw material in the inner crudble at the steady state; the~improvement 
comprising raising the dopant concentration of the molten raw material In the inner crucible prior to the pull 
ing, to a value higher than the dopant concentration C of the molten raw material in the inner crucible at the 
steady state; at the initial stage of the pulling, introducing the raw material having a dopant content ratio of 
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no greater than kC into the outer crucible at a rate greater than the rate of decrease of the molten raw 
material within thelnner crucible during the pulling, to achieve a concentration ratio of dopant between the 
inner and outer crucibles at a target value; and subsequently, introducing the raw material having kC as the 
dopant content ratio into said outer crucible, at a rate equal to the rate of decrease of the molten raw 

s material during the pulling. 

With the above described process, the first portion of the crystal which is solidified just after the start of 
the pulling (the so called shoulder) demonstrates almost no variation in the concentration of the dopant. 
Because the molten raw material in the outer crucible flows into the inner crucible, the concentration within 
the inner crucible lowers until it reaches the steady state concentration C. Because relatively unconcen- 

70 trated raw material is introduced into the outer crucible, its concentration is closer to the steady state 
concentration kC, than the inner crucible. The flow is always from the outer crucible to the inner crucible, 
never the reverse, so that dopant diffusion and thus equibration of the dopant concentration does not occur. 

In order to lower the dopant concentration in the high concentration partition, the dopant concentration 
ratio is quickly set to 1:k. This is accomplished by starting with a comparatively small amount of the molten 

75 raw material. Then, as the pulling operation commences and as raw material is incorporated into the 
forming crystal, adding the low concentration raw material at a relatively faster rate so that the surface level 
of the molten liquid in the inner crucible actually rises. Because the low concentration raw material is added 
to the extent that the total amount of molten liquid increases, the concentration ratio between the inner and 
outer crucibles quickly reaches its target value. When the concentration ratio of 1:k is reached, if the 

20 forming crystal is drawn at a steady rate and the dopant concentration of the introduced raw material is set 
to equal the concentration in the forming crystal kC, then from that point a crystal having a fixed, uniform 
concentration of dopant can be drawn. 

25 BRIEF DESCRIPTION OF THE INVENTION 



Fig. 1 is a graphical representation of the change in dopant concentration in an inner crucible at an 
initial stage of pulling of a single crystal in a conventional method; 

Fig. 2 is a diagrammatic view of the dopant concentrations in the inner and outer crucibles at a 
steady state pulling of the single crystal; 

Fig. 3 is a graphical representation of the variation of the dopant concentration in the inner and outer 
crucibles and the product in the conventional method; 

Fig. 4 is a cross-sectional view of an apparatus used in the preferred embodiment of the invention; 

Figs. 5a through 5d are diagrammatic views of a sequence of processes of the preferred embodiment 
of the inven tion; and 

Rg. 6 is a view showing the measurement values of the change in concentration of the dopant in 
single crystals manufactured as shown in Figs. 4 and 5 in comparison with calculation values. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 



The invention will be described, by way of an example, with reference to the drawings. 

Referring to Fig. 4, there is shown in cross-section a crystal growth apparatus for carrying into a 

45 practice a single-crystal pulling method according to the invention. The apparatus comprises a furnace 1. A 
heat-insulating materia! 2 is arranged within the furnace 1 in concentric relation thereto. A heater 3 is 
arranged within the heat-insulating material 2 in concentric relation thereto. The heater 3 is composed of a 
pair of upper and lower portions, and the upper portion is larger in diameter than the lower portion. A 
graphite susceptor 4 fixedly mounted on the top of a rotary shaft 5 is arranged within the upper portion of 

so the heater 3 in concentric relation thereto. A double crucible assembly 6 made of quartz is fitted into the 
upper surface of the graphite susceptor 4 in concentric relation thereto. A pulling shaft 7 has a lower end 
thereof to which a seed S is fixedly connected. The double crucible assembly 6 is divided into a pair of 
outer and inner crucibles To and 11 by means of a tubular or cylindrical partition wall 9. The partition wall 9 
has a pair of diametrically opposed communication holes 8 and 8 which are located adjacent to the bottom 

55 of the inner crucible 11. The inner and outer crucibles 10 and 11 communicate with each other through the 
pair of communication holes 8 and 8. Arranged above the double crucible assembly 6 is a pulling 
mechanism (not shown) for pulling the pulling shaft 7 while rotating the same. Further, a tubular chute 12 is 
provided, which has one end thereof extending through a wall of the furnace 1. The other end of the chute 
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12 is located within the outer crucible 10 to feed semiconductor raw material and a dopant into the outer 
crucible 10. 

The single-crystal pulling method according to the invention due to the above-mentioned crystal growth 
apparatus will be described below with reference to the diagrammatical views in Figs. 5a and 5d and the 

5 graph in Fig. 6. In this connection, let it be supposed that, in the embodiment described below that the 
target dopant concentration in the crystals is kC where k is the segregation coefficient and C is the dopant 
concentration in the molten raw material in the inner "crucible 11 at the steady state. Further, let it be 
supposed that the amount of molten raw material within the crucible assembly 6 is W during the steady 
state pulling, the ratio of the volume within the inner crucible 11 to the total volume of the crucible assembly 

70 6 is a, and the concentrations of dopant in the outer and inner crucibles 10 and 11 are equal to each other 
at the initial stage. In this case, as described above, the concentrations of dopant in the outer and inner 
crucibles 10 and 11 are C and kC. The sequence of the process will be described from the start-up of the 
pull ing to the steady state. — 

75 

(1) Initial Stage 

The raw material and the dopant are fed into the crucible assembly 6, and are melted to form a melt or 
a molten liquid less in amount than W and higher in concentration than C. This will be referred to as stage I 
20 (see Fig. 5a). 

(2) Pulling of the Shoulder 

25 The pulling shaft 7 is moved upwardly to start the pulling of the crystal, and raw material including no 
dopant is supplied continuously through the chute 12. This will be referred as stage II (see Fig. 5b). The 
speed of supply of the raw material is set to a value higher than the speed of decrease of the molten liquid 
due to the pulling, so that the molten liquid within the crucible assembly 6 is W at completion of the 
shoulder S h . This will be referred to as stage III (see Fig. 5c). Since in this case the surface level is rising 

30 more quickly than the pulling speed of the seed crystal S, the crucible assembly 6 must be lowered, or the 
raising speed of the seed S must be increased, so that the speed of the seed S relative to the surface level 
is appropriate. ~ 

as (3) Steady State Pulling 

At the point of time the pulling of the shoulder S h is completed, the amount of molten liquid is W. the 
concentration of dopant in the molten liquid within the inner crucible 11 is C. and the concentration of 
dopant in the molten liquid within the outer crucible 10 is kC. Subsequently, the step of pulling the straight 

40 trunk St is maintained at a steady state. The dopant concentration in the raw material is kC. Thus the 
dopant is added at a rate corresponding to the amount of decrease in the dopant due to the pulling of the 
crystal. This win be referred to as stage IV (see Fig. 5d). 

Hereunder, a model calculation will be used to describe the above processes in more detail. Let it be 
supposed that a total amount of molten liquid at the above initial stage is w\ the amount of molten liquid 

45 within the outer crucible 10 is W b , the amount of molten liquid within the inner crucible 11 is W c , the 
amount of dopant in the outer crucible 10 is B, the amount of raw material from the initial stage to a point of 
time during the pulling of the shoulder S h is x, the dopant concentration within the outer crucible 10 at this 
point of time is b(x), and the dopant concentration within the inner crucible 11 is c(x). Then. b(x) and c(x) 
are given by the following equations (1) and (2). In this connection, the following calculation is based on the 

50 following assumptions (a) through (c). 

(a) The dopant concentrations in the respective inner and outer crucibles 10 and 11 are uniform with 
respect to each other by means of convection. 

(b) Influence of diffusion of the dopant between the inner and outer crucibles 10 and 11 through the 
communication holes 8 and 8 can be neglected as wilt be described later. 

55 (c) The amount of decrease in the molten liquid due to the pulling of the shoulder S, can be 

neglected, because both the raw material and the dopant are less in amount b(x) = SW^^fi! - a)x * 
W b y 1 * 1 ^ (1) 
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.(l-a)BW b a /( 1 - a >{(l-a)x ♦ Wt>r a/(l- a> + B 

c(x) - — {2) 

a{W b + (l-a)x) 

If the amount of supply of the raw material at completion of lifting of the shoulder S h is xi, then the 
following relationship exists: 
c(xi) : b(xt) = 1 : k (3) 

From the equations (1), (2) and (3), the following relationship exists: 
x, = {Wy(1-a)}[{a + k(1-a)}/k} (1 ^ - 1 (4) 

In the equation (1). let it be supposed that x = 0, and x * xi. Then, the ratio between them can be 
expressed by the following equation: 
b(0)/b(xi) * [{a + k(1-a)}/k] 1/a (5) 
Here, the following relationship exists: 
b(xi) = kC 

Accordingly, the initial dopant concentration can be expressed by the following equation: 

b(0) = [{a + k(1-a)}/k] 1/a kC (6) 

In addition, the following relationships exist 

W = xi + W b + W c (7) K 
W c = Wba/(1-a) (8) 
W' = W b + W c (9) 

From the above equations, the following relationship exists: 
w'/W = [k^a+kfl-a)}? 1 ** (10) 

That is, the initial amount of the raw material within the crucible assembly 6 should be decreased as 
indicated by the above equation (10). 

Hereunder, consideration will be made If actual values are used. Let it be supposed that the ratio of the 
bottom surface area of the inner crucible 11 with respect to the entire crucible assembly 6 is a = 2/3. 
silicon is used as the raw material, and phosphorus is used as the dopant. Then, k is equal to 0.35. 

If the above values are substituted for the equations (6) and (10), the following relationships exist 
b(0) = 3.3kC = 1.16C, and 
w'/W = 0.67 

That is, the amount of the raw materia! should be 1/3 of that at the steady state, and the initial 
concentration of the dopant should be 1.16 times the concentration of the dopant in the inner crucible 11 at 
the steady state. For instance, the double crucible assembly 6 is considered, in which the inner crucible 11 
is 200 mm in inner diameter, the outer crucible 10 is 240 mm in inner diameter, the partition wall 9 is 10 
mm in thickness, and each of the communication holes 8 and 8 is 5 mm in diameter. In this double crucible 
assembly 6, 15 Kg of molten liquid is incorporated in the double crucible assembly 6 at the steady state, 
and a silicon single crystal having a target dopant (phosphorus) concentration kC * 1.00 x 10 1S atoms/cm 3 
and having a diameter of 3 inches is pulled at speed of 1 mm/min. In this case, an initial amount of the 
molten liquid should be 10 kg, the dopant concentration should be 3.34 x 10 15 atoms/cm 3 , and 5 Kg of raw 
material including no dopant should be supplied to the outer crucible 10, until the completion of the 
shoulder S h . In the case where pulling is made under such conditions, i.e„ the initial dopant concentration 
■ 3.34 x 10 15 atoms/cm 3 , actual measured values of the dopant concentration in the longitudinal direction 
of the thus obtained single crystal are indicated by O in Fig. 6, and the model calculation values of the 
molten liquid in the inner and outer crucibles 10 and 11 and the dopant concentration of the single crystals 
are indicated by the solid lines in comparison. 

Further, Rg. 6 also shows the conventional pulling which is indicated by A as a comparison example. 
That is, the actual values of the dopant concentration in the single crystal from the following case. 
Specifically, the symbols indicate that a double crucible assembly the same as that described above is 
employed, and the total amount of initial molten liquid is 15 Kg, the dopant concentration of the moten 
liquid is C = 2.86 x 10 15 atoms/cm 3 , and the raw material having Its dopant content of kC « 1.00 x 10 ,B 
atoms/cm 3 is supplied to the outer crucible 10 in an amount corresponding to the amount of pulling. In this 
case, a "hump" due to the increase in the dopant concentration extends after the completion point of the 
lifting of the shoulder S hl that is. after stage 111 and extends to the straight trunk portion S,. 

In this connection, during the pulling of the shoulder S h , or during the steady state pulling, diffusion of 
the dopant through the communication holes 8 and 8 was estimated roughly by the use of the Pick's law. 
The rough estimate indicated that the diffusion speed of the dopant through the communication holes 8 and 
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8 was about 9.5 x 10" 4 cm/sec and. in distinction thereto, the inflow speed of the molten liquid was 0.93 
cm/sec during the pulling of the shoulder S h and 0.17 cm/sec during the steady state pulling. Thus, it was 
estimated that the uniformity of the dopant due to self-diffusion gives rise to almost no problem. 

Although in the above embodiment, the dopant concentration of the pulled single crystal at the steady 
5 state has been set to kC, it may vary with the range of kC ± 0.1 kC. Furthermore, in the above calculation, 
the dopant concentration of the silicon single crystal has been 1.00 x 10 15 atoms/cm 3 , but the usual range 
to be practised is between 1.00 x 10 u atoms/cm 3 and 1.00 x 10 1S atoms/cm 3 . 



w Claims 

1. In an improved method for pulling a single crystal, comprising the steps of preparing a double 
crucible assembly having an outer crucible and an inner crucible which communicate with each other; 
feeding raw material to said double crucible assembly to provide molten raw material therein; and pulling 

75 the single crystal from the surface of the molten raw material within said inner crucible in such a manner 
that during the steady state, the pulled single crystal has a dopant concentration of generally kC, where k is 
the segregation coefficient and C the dopant concentration of the molten raw material in said inner crucible 
at the steady state; the improvement comprising: 

raising the dopant concentration of the molten raw material in said inner crucible prior to the pulling, to a 
20 value higher than the dopant concentration C of the molten raw material in said inner crucible at the steady 
state; and 

at the initial stage of the pulling, introducing the raw material having a dopant content ratio of no greater 
than kC into said outer crucible at a rate greater than the rate of decrease of the molten raw material within 
said inner crucible during the pulling, to achieve a concentration ratio of dopant between said inner and 
25 outer crucibles at a target value; and 

subsequently, introducing the raw material having kC as the dopant content ratio into said outer crucible, at 
a rate equal to the rate of decrease of the molten raw material during the pulling. 

2. A method for pulling a single crystal according to claim 1, wherein said molten raw material is silicon 
including phosphorus as said dopant. 

30 3. A method for pulling a single crystal according to claim 1 ( including: 

melting the raw material and the dopant to form the molten raw material, which has a concentration of 
dopant greater than the molten raw material in the crucible assembly at the steady state, so as to be less in 
amount than the molten raw material In the crucible assembly at the steady state; 
subsequently commencing the pulling of the single crystal; 

35 introducing the raw material including no dopant continuously into the outer crucible at such a speed that 
the amount of the molten raw material in the crucible assembly becomes equal to the amount of the molten 
raw material in the crucible assembly at the steady state when the pulling of a shoulder of the single crystal 
is completed; 

at the point of time that the pulling of the shoulder is completed, effecting the steady state pulling by 
40 introducing the raw material having kC as the dopant content ratio into said outer crucible at a rate equal to 
the rate of decrease of the molten raw material during the pulling, to thereby form a straight trunk of the 
single crystal. 

4. A method for pulling a single crystal according to claim 3. including: 

adjusting the rate of rise of the surface level of the molten raw material in the crucible assembly relative to 
45 the pulling speed of the single crystal by lowering the crucible assembly. 

5. A method for pulling a single crystal according to claim 3, including: 

adjusting the rate of rise of the surface level of the molten raw material in the crucible assembly relative to 
the pulling speed of the single crystal by increasing the pulling speed of the single crystal. 

50 
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FIG.1 (PRIOR ART) 
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FIG. 3 (PRIOR ART) 
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